Abstract-A hybrid Minkowskized fractal-like antenna structure for wireless application is presented in this paper. The Minkowskized radiating structure and feed line have been designed at the top layer of the FR-4 substrate (tan(δ) = 0.02, ε r = 4.3, h = 1.6). A modified ground plane with a parasitic patch is etched at the bottom side of the dielectric substrate. The fabricated antenna exhibits the resonance at frequencies 0.83, 1.05, 1.6, 2.12, 3.25, 3.75 and 5.2 GHz. It covers six bands of frequencies band-1 (0.825-0.835 GHz), band-2 (0.913-1.22 GHz), band-3 (1.33-1.79 GHz) band-4 (2.04-2.18 GHz) band-5 (2.9-3.91 GHz) and band-6 (4.9-5.64 GHz) for |S 11 | ≤ −10 dB which are suitable for several wireless communication bands (i.e., GSM 900 MHz, 1800 MHz, Wi-MAX, Wi-Fi 802.11y and WLAN 802.11b/g/a). The surface current distribution and radiation pattern have been studied at resonating frequencies.
INTRODUCTION
The need for compact wideband and multi-band antennas with low profile features is growing in the wireless industry. Therefore, the primary concern of the researcher is to design high performance, multiband, compact size, and wideband antennas. An introduction of the fractal antenna presented in [1] [2] [3] supports researchers to the great extent in this context. In 1975 Mandelbrot [4] introduced the term fractal which is a fragmented or rough geometrical shape which can be subdivided into several parts, where each part is a diminished copy of the entire structure. In the year 1995, Cohen [5] elaborated the concept of fractal antenna as an introductory scientific publication. He explained the concept of a fractal and fractals abilities to reduce the size of an antenna without compromising its performance. Since then, various research concepts [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] related to fractal antenna have been revealed, and a new era of fractal antenna theory has begun. Various fractal antennas such as Sierpinski triangle [19] , Koch dipole, meander and Minkowski fractal [16, 17] show the advantages of fractal geometry over the popular fractal Sierpinski and Koch curve and become references. In [16] Minkowski boundary fractal antenna was designed for wideband operation. Paper [17] presented a CPW-fed slot antenna with a dielectric resonator for Heptaband operation. The study revealed that Koch curve dipole reduced the size of an antenna in comparison with the regular dipole antenna and affect resonant frequency in a positive way [9] . Also, Sierpinski triangle which is popularly known as Sierpinski gasket shows multiband behavior with growing number of iterations. Such type of antenna shows similar behavior with respect of return loss characteristics and radiation pattern at multiple frequencies of operation and is most popular for consideration. Paper [18] presented another fractal geometry known as Van Koch monopole fractal antenna with improved radiation resistance and bandwidth. Several hybrid fractal or fractal-like structures have been designed and explained for multi-band applications [20, 21, 29, 30] . Papers [27, 28] reported a combination of two popular fractals, Sierpinski and Koch, in superior-inferior manner. The proposed multifractal antennas in these articles proved their superiority and advantage over monofractal. In addition, novel heterostructures and two-dimensional materials which explored optoelectronics and photonic properties have increased the possibility to employ semiconductor material for detection electromagnetic radiations at Terahertz frequencies [22] [23] [24] . The coupling of optoelectronic devices to the antenna reported in [25, 26] may shift the operating frequency bands from GHz to THz.
In this communication, a novel hybrid fractal structure is designed, which exhibits multiple resonating frequencies such as 0.83, 1.05, 1.6, 2.12, 3.25, 3.75 and 5.2 GHz. The proposed structure covers six frequency bands: band-1 (0.825-0.835 GHz), band-2 (0.913-1.22 GHz), band-3 (1.33-1.79 GHz) band-4 (2.04-2.18 GHz) band-5 (2.9-3.91 GHz) and band-6 (4.9-5.64 GHz) which are suitable for GSM 900 MHz, 1800 MHz, Wi-MAX, Wi-Fi 802.11y and WLAN 802.11b/g/a wireless communication services. Organization of this communication is summarized as below.
Section 2 provides dimensional detail of the proposed geometry. The comparison between various iterations of the antenna is presented in Section 3. Measured and simulated results for validation of the design and analysis are presented in Section 4. The surface current distribution and radiation pattern are also discussed in Sections 5 and 6.
ANTENNA CONFIGURATION
The two-dimensional planner geometry of the proposed antenna (L × W ) with parameters is displayed in Figure 1 which is placed on the Z = 0 plane. A 50 Ω microstrip feed line (M 1 × M 2 ) is designed on the top layer of an FR-4 substrate (tan(δ) = 0.02, ε r = 4.3 and h = 1.6 mm) which is terminated on the vertex of the isosceles triangle connecting two equal arms of 20 mm each. This isosceles triangle at the third arm of 40 mm is Boolean added to a square-shaped element with the size of 40 × 40 mm 2 . This Boolean addition forms a nonuniform pentagon, which is iterated with the dimension 
EVOLUTION OF ANTENNA
The evolution of the proposed Minkowskized hybrid fractal-like antenna is illustrated in Figure 2 . A comparative graph of iterations 1, 2 and 3 is depicted in Figure 3 . Antenna 1 (iteration 0) contains a simple pentagon-shaped radiating element, feed structure, parasitic element, and deformed ground plane. Antenna 1 exhibits four resonating frequencies 1.092, 1.726, 2.4 and 3.58 GHz after feeding of electromagnetic energy. Further, a Minkowski island mannered slot is introduced in non-radiating edges and an upper radiating edge of the pentagonal patch. The indentation factor, known as a ratio of width to length, is as given below,
On optimizing slots in three sides of a nonuniform pentagon for values 0.1, 0.3, 0.5, 0.7, 0.9 and 1 as indentation factor, the optimized value of indentation factor is found as 0.5 which provides an appropriate frequency response. Antenna 2 (iteration 1) shows resonating frequencies at 1.066, 1.733, 2.418, 3.58 and 5.62 GHz. A small shift in resonating frequencies is noticed which occurs due to incorporation of the slot on the radiating patch. Basically, slot introduces slow wave effect and modifies the phase velocity (v p = 1/ √ LC) of the resonating modes. This Minkowski shape structure provides a larger perimeter to current vectors to travel around the antenna structure than the perimeter provided by antenna 1 (iteration 0). Due to this, the position of resonating frequencies is modified, and new resonant frequency, as well as band of frequency, is obtained. In the second iteration, the indentation factor is determined by an equation given below,
The optimized value of i 2 is found as 1 for L 2 = 4 and W 2 = 4. Antenna 3 (iteration 2) covers the five frequency bands: band-1 (0.948-1.2534 GHz), band-2 (1.584-2.28 GHz), band-3 (2.41-2.60 GHz) band-4 (3.462-3.78 GHz) and band-5 (5.178-5.82 GHz) for |S 11 | ≤ −10 dB. The corresponding fractional bandwidths of these five bands are 27.74% (band-1), 36% (band-2), 7.58% (band-3), 8.78% (band-4) and 11.67% (band-5).
EXPERIMENTAL RESULTS
The fabricated Minkowskized hybrid fractal-like antenna is shown in Figure 4 . The numerical investigation is carried out with the help of CST Microwave Studio. In the simulation, the proposed structure is excited with the help of waveguide port. After fabrication, this antenna is tested using Vector Network Analyzer Agilent Technologies N9923A in the frequency range of 0.5 to 6 GHz. Figure 5 represents the comparison between measured and simulated S 11 characteristics. The fabricated antenna exhibits resonances at frequencies 0.83, 1.05, 1.6, 2.12, 3.25, 3.75 and 5.2 GHz. A good matching between measured and simulated S 11 characteristics is found. However, a small error is found due to soldering effect, connector loss, and fabrication error. The fabricated antenna covers the six frequency bands. Table 2 shows a list of the covered frequency bands of the proposed antenna and their fractional bandwidth (BW (%) = (f h − f l ) * 200/(f h + f l ). Figure 6 illustrates the variation of an input impedance of Minkowskized hybrid fractal-like antenna. In Smith chart, loops are inspected, which confirms the coupling between modes. In frequency band 2.9-3.91 GHz, two resonating frequencies are overlapped to each other. Due to this overlapping, a loop is formed in the Smith chart. 
SURFACE CURRENT DISTRIBUTION
The surface current distribution of the proposed antenna at resonating frequencies is displayed in Figure 7 . At frequencies 1.06 GHz and 1.75 GHz, the current density is maximum at the bottom side of the pentagonal radiating element. In addition, at frequency 1.06 GHz, one halfwave variation of current vectors is observed on the perimeter of the radiating element whereas two half wave variations are inspected at frequency 1.75 GHz. At frequencies 2.2 and 2.49 GHz, the current density is observed maximum at the top left side of the radiating patch. It is noticed that as frequency increases the number of modes is also increased. At frequencies 3.6 and 5.44 GHz, a complicated surface current distribution is noticed.
FAR FIELD PATTERN
The simulated far-field pattern is depicted in Figure 8 and Figure 9 . At frequency 1.06 GHz, eight-shaped patterns are found in E plane. At higher frequencies (3.6 and 5.44 GHz), the pattern is deformed due to the presence of higher order modes. At frequencies 1.75, 2.2 and 2.49 GHz, partial eight-shaped patterns are investigated.
At frequency 1.06 GHz, we notice an omnidirectional pattern. At frequencies 1.75, 2.22 and 2.49 GHz, a partial omnidirectional pattern is found. Due to the existence of higher order modes, the omnidirectionality is lost at frequencies 3.6 and 5.44 GHz, and deformed pattern like a butterfly are observed. 
CONCLUSION
A Minkowskized hybrid fractal-like multiband antenna has been simulated and fabricated. Multifrequency operation is achieved using iteration method of fractal antenna. This fabricated antenna exhibits resonances at frequencies 0.83, 1.05, 1.6, 2.12, 3.25, 3.75 and 5.2 GHz. It has covered six bands of frequencies band-1 (0.825-0.835 GHz), band-2 (0.913-1.22 GHz), band-3 (1.33-1.79 GHz) band-4 (2.04-2.18 GHz) band-5 (2.9-3.91 GHz) and band-6 (4.9-5.64 GHz) for |S 11 | ≤ −10 dB which are suitable for several wireless communication bands (i.e., GSM 900 MHz, 1800 MHz, Wi-MAX, Wi-Fi 802.11y and WLAN 802.11b/g/a).
